The extraordinary properties of graphene have sparked increasing interest in other layered materials like Transition Metal Dichalcogenides (TMDCs). TMDCs consist of layers held together by van der Waals (vdW) interaction like graphene layers but here one layer comprises a transition metal atom sheet sandwiched between two chalcogen atom sheets via covalent bonds. The weak vdW interaction between the layers can be exploited to isolate two-dimensional (2D) flakes by mechanical, 1,2 chemical 3 and liquid exfoliation, [4] [5] [6] but these ultrathin crystals can also be synthesized on suitable substrates by Chemical Vapor Deposition (CVD) [7] [8] [9] [10] or Molecular Beam Epitaxy (MBE). 11 MoS 2 has received special attention among TMDCs because its electronic and optoelectronic properties promise well for application in transistors, 2,12,13 sensors, 14 and as a catalyst. 15, 16 CVD is the only upscalable method that allows obtaining large domains of single crystalline MoS 2 with sizes reaching hundreds of mm and an electron mobility which approaches that of exfoliated MoS 2 . 17 However, so far defects seem unavoidable in CVD grown and exfoliated MoS 2 , 18 and can be exploited as catalytic sites for e.g. hydrogen evolution reactions. 19 On the other hand, these defects decrease the mobility and photoluminescence (PL) intensity of MoS 2 20-22 and strategies to heal them need to be developed.
Zhou et al. reported the direct observation by scanning tunneling microscopy of intrinsic structural defects in CVD grown MoS 2 , 23 namely sulfur and molybdenum vacancies. Sulfur vacancies can be filled by adsorption of thiol molecules 24 and this strategy can also serve to tune the properties of MoS 2 crystals by functional groups attached to the thiol moiety. [25] [26] [27] In this communication, we monitor structural defects in CVD grown MoS 2 by means of X-ray Photoelectron Spectroscopy (XPS). We demonstrate that the defect density can be increased by thermal annealing, introducing also another type of structural defect. We prove that thiol-terminated cysteine molecules can partially heal the defects by covalently binding to MoS 2 as depicted in Scheme 1. This result differs from the findings of Chen et al., who reported that cysteine molecules merely physisorb on the surface. 28 MoS 2 crystalline flakes were grown by CVD on oxide-passivated Si wafers (Prime Wafers) as explained in the ESI, † where we detail our reproducible approach to obtain large domain single layer MoS 2 . 29 Optical microscopy images showed MoS 2 crystal sizes varying from several to hundreds of mm (see the ESI †). Atomic Force Microscopy and Raman spectroscopy confirmed that MoS 2 (see the ESI †) consists of a single layer. XPS spectra (for experimental details see the ESI †) of the freshly grown sample were collected to minimize contamination from air; 2-4 spots were analysed on each sample to confirm homogeneity. The XPS signal due to adventitious carbon located at 284.8 eV was used as a binding energy (BE) reference.
Scheme 1 Functionalization of MoS 2 with cysteine molecules via first creating defects through thermal annealing and then filling them with thiol-terminated cysteine.
The spectral region shown in Fig. 1 (a) contains both the Mo3d and the S2s core level signals and can be fitted with three Mo3d doublets and two singlet peaks (S2s). The most intense doublet peak, located at a BE of 229.6 eV, is attributed to Mo 4+ (i-Mo 4+ ), the charge state of molybdenum in MoS 2 . The doublet peak located at 1.7 eV higher BE stems from defect Mo 4+ (d-Mo 4+ ), i.e. corresponding to Mo atoms close to sulfur vacancies (V S ). 30, 31 Finally, the doublet peak at 233.0 eV BE is due to Mo 6+ of the unreacted precursor MoO 3 , 32 which is always found as a contaminant on CVD grown MoS 2 . The most intense singlet peak is due to the S2s emission from defect-free regions of MoS 2 , while the additional singlet peak at 227.6 eV corresponds to sulfur close to a defect. The sulfur chemical environment can be more clearly studied by means of the S2p core level spectrum, shown in Fig. 1(d) , where two doublets, peaked at 162.4 eV and 163.1 eV, respectively, are observed. We attribute the most intense contribution to intrinsic S (i-S) and the higher BE doublet to sulfur near S vacancies (d-S). This observation is very important because it constitutes the spectroscopic proof of the presence of unsaturated Mo atoms in CVD-grown MoS 2 , already observed microscopically by Zhou et al. 23 Thermal annealing is known to induce desorption of S atoms from the MoS 2 nanosheet. 33 Fig. 1(b) shows the XPS spectrum of the Mo3d core level region of the annealed sample, which, apart from a small chemical shift due to band bending, 33 clearly presents a different line shape than the as-grown sample and requires an additional Mo component in the fit. We attribute this new doublet peaked at 231.6 eV (d(2)-Mo 4+ ) to unsaturated Mo atoms close to a more complex defect present in the MoS 2 crystal. We observe a decrease in Mo and S spectral intensity as well as in the S and Mo intensity ratio after annealing. The calculation of the formation energy of the various defects in MoS 2 , 31 namely of a molybdenum vacancy (V Mo ) and divacancies implying either a missing MoS moiety (V MoS ) or two missing sulfur atoms (V SS ), gives the lowest value for V Mo , and only a 0.2 eV higher value for V MoS and V SS , making it difficult to discriminate which defects are formed after annealing. Since d(2)-Mo 4+ appears at a higher BE than d(1)-Mo 4+ and i-Mo 4+ we can conclude that it is associated with the loss of S atoms; in fact more than one missing S implies even more positive charge on the surrounding Mo atoms. 31 After annealing, we also observe a 10 AE 2% intensity increase of the component attributed to d(1)-Mo 4+ , confirming the assignment to V S in the MoS 2 nanosheet; moreover the d(1)-Mo 4+ component is shifted to lower BE, confirming additional loss of S in the surroundings of V s . 34 The desorption of S atoms is also observed in the S2p spectrum of the annealed sample, depicted in Fig. 1(e) , where the intensity of the component assigned to the d-S peak increased by 11%. The rigid binding energy shift was also observed for S2p spectral lines upon annealing, similar to the result reported by Donarelli et al. 33 To explore whether these structural defects can be healed by thiol-functionalized molecules, we exposed MoS 2 to thiolterminated cysteine. Functionalization of freshly grown MoS 2 resulted in a barely noticeable change in the XPS spectra due to undesired contamination blocking adsorption sites (see the ESI †). The XPS spectra of the Mo3d and the S2s core level region and the S2p core level region of functionalized annealed MoS 2 are shown in Fig. 1(c) and (f), respectively. In the spectrum of Fig. 1(c) , one notes that the exposure to thiol-functionalized cysteine induced a 3 AE 2% decrease in the d(1)-Mo 4+ spectral intensity and a 8 AE 2% decrease in the d(2)-Mo 4+ spectral intensity. Chu et al. reported that monosulfur vacancies can act as the centers for the functionalization because when one thiol molecule is attached it facilitates the adsorption of other molecules to neighbouring vacancies in the range of 9-36 Å 2 from the first adsorbate. 35 Interestingly, the two components are also shifted towards higher BE, with the d(2)-Mo 4+ doublet now peaked at 232.0 eV and the d(1)-Mo 4+ doublet peaked at 231.2 eV. This observation indicates that the adsorbed molecules not only heal the structural defects but also promote charge transfer, a mechanism, which could be used to tailor the electronic properties of MoS 2 . In agreement with a previous discussion of the Mo spectra, upon functionalization ( Fig. 1(f) ) a noticeable decrease of 10.8% of the intensity of the d-S component was observed, confirming preferential healing of monosulfur vacancies. Furthermore, a new contribution appeared at 164.2 eV, attributed to S-S bonds, 28 corroborating adsorption of a second cysteine molecule close to a first one, which also supports the result of the Mo3d spectra. 36 Confirmation for the presence of cysteine grafted onto the MoS 2 basal plane also comes from the XPS spectra of the C1s and N1s core level regions of the functionalized MoS 2 shown in Fig. 2 . In Fig. 2(a) , the adventitious carbon with C-C and C-O bonds was observed in the as-grown sample. Upon functionalization, as expected, the spectral intensity of these components increased, together with the appearance of a new component at 286.0 eV due to C-S bonds; the relative increases in intensity agree with what is expected from the molecular structure of cysteine. In Fig. 2(b) , the nitrogen peak observed at 403.4 eV corresponds to the N-C bond, again as expected for adsorbed cysteine. FTIR spectroscopy is a fast and non-destructive tool to confirm the covalent functionalization of the MoS 2 nanosheet; 28, 37, 38 therefore, we collected the Attenuated Total Reflection Fourier Transform Infra-Red (ATR-FTIR) spectrum of functionalized MoS 2 to support the XPS data. The spectrum is shown in Fig. 3 together with the spectrum of cysteine for reference. The S-H stretching vibration (n S-H ) at 2549 cm À1 , clearly observed in cysteine but absent for functionalized MoS 2 , points to H splitting off when the molecules bind to the MoS 2 basal plane. 39 Furthermore, the presence of a band at 700 cm À1 , typical of the C-S stretching vibration, can be taken as evidence of the successful functionalization. 40 The presence of this feature in both samples proves the presence of cysteine on MoS 2 and supports the XPS data.
Unlike another covalent functionalization strategy, 41, 42 which requires transformation of the semiconducting 2H-MoS 2 phase into metallic MoS 2 (1T-MoS 2 ), the covalent functionalization performed in this work preserves the semiconducting nature of the TMDC, as demonstrated by the photoluminescence (PL) spectrum in Fig. 4 . Upon functionalization, MoS 2 shows a PL peak at 668 nm, which is absent in the case of 1T-MoS 2 . 24 However, the PL intensity decreased and the peak is slightly blue-shifted due to the doping from the cysteine molecules, in agreement with the XPS results.
In conclusion, we identified the XPS fingerprint of the structural defects in CVD grown MoS 2 and demonstrated that when thermal annealing causes sulfur to desorb from the basal plane of MoS 2 , vacancies with more than one missing sulfur atom are created. Most importantly we proved that partial filling of vacancies is possible via covalent functionalization of defective MoS 2 with thiol-terminated cysteine. After functionalization MoS 2 maintains its semiconducting characteristics.
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